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(Received 26 August 2012; accepted 27 September 2012; published online 11 October 2012) In this work, we report on the observation of the electromagnetic parameters of glass-covered amorphous microwires/epoxy composites with various concentrations of microwires over a broad magnetic field range up to 1 kOe. The effective permittivity presents a strong tunability with respect to a dc magnetic field excitation. An inherent crossover field due to the microwires is further observed at 300 Oe suggesting that the giant magnetoimpedance effect dominates the features of dipolar absorption at low magnetic field bias (<300 Oe), while the opposite behavior is expected at larger dc magnetic field excitations. This crossover field is found to be insensitive to changes in the microwire content. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4758483] Glass-coated amorphous ferromagnetic microwires have been extensively explored due to their high-performance sensing applications based on the giant magnetoimpedance (GMI) effect 1 arising in the megahertz frequencies. Most recently, microwave absorption, electromagnetic compatibility, and non-destructive testing applications were also developed in the microwave and millimetre-wave applications. [2] [3] [4] [5] [6] They are desirable elements for configurating microwave tuneable devices through indirect field tuning; and a few recent studies have demonstrated such feature in microwirebased composite materials. 5, 7 At gigahertz frequency range, microwires behave collectively like dipoles when they interact with an incident microwave field. It has been argued that the magnetoimpedance effect of microwires has a significant impact on the dielectric response. 6, 8 Several studies have been performed on the influence of a magnetic field on the effective scattering parameters and the permittivity of wire composites containing periodic arrays of ferromagnetic wires. 6, [9] [10] [11] However, the above mentioned studies have not been extended to composite materials obtained by randomly dispersing microwires in a polymer matrix. The short wire inclusion can be considered as elementary scatterers when the electromagnetic wave propagates in the composite and induces an electric dipole moment in each inclusion. Challenging problems arise in these systems, i.e., several of their magnetic properties, e.g., ferromagnetic resonance (FMR), are controlled by varying the microwire content and internal strain. Such understanding can either be gained through theory using first-principle simulations 12 or through experimental probes, such as microwave frequency-domain spectroscopy. 13 Furthermore, a clear correlation between the frequency shifts of the reflection and transmission coefficients of such composite materials, the microwire content, and the application of a dc magnetic bias is still missing, which makes it difficult to directly correlate the observed results with the physical nature of the electromagnetic phenomena.
Herein, we capitalize on recent advances in the understanding of the microwave and magnetic properties of polymer-based composites filled with amorphous microwires.
2,14 Two important questions are how different the electromagnetic parameters of short wires in an epoxy matrix would look, in terms of filler content, and how this can be modified by application of a magnetic field. In this letter, we report the results of an extensive study of the electromagnetic response of glass-covered amorphous microwires/ epoxy composites under magnetic field excitation. A summary of our findings follows. (1) We report precise measurements of the effective permittivity tunability by applying an external magnetic field. (2) We observe the larger magnetic field tunability (typically 150%) of the effective permittivity for the samples with microwire content of 0.026 vol. %. (3) Similarities in the field dependence seen in the transmission and reflection coefficients for all samples investigated indicate that there is a crossover field at 300 Oe between a low field region for which the GMI dominates the features of dipolar absorption while opposite behavior is expected at larger dc magnetic field excitations. This crossover field is found to be insensitive to the microwire content. 20 , purchased from Gurit, UK) were used for the fabrication of composite materials. The mechanical and magnetic properties of the wires can be found elsewhere. 15 Microwires with length of 25 mm were carefully mixed in a beaker with the epoxy resin and hardener (100:26 by weight). The well-stirred mixture, after degassing for 30 min in a vacuum oven at room temperature, was then cast into a rubber mould. It was subsequently cured at 50 C for 16 h. The samples for microwave characterization are parallelepipeds with length 70 mm, width 13 mm, and thickness 1.8 mm. For this study, different samples were prepared containing microwires in various volume ratios from 0.013% to 0.064%. The short pieces of wires have random locations in the sample but point on average in the direction associated with the largest dimension of the sample. Specimens were examined using conventional optical microscopy, and the analysis of the images (Fig. 1 ) reveals a uniform dispersion of the microwires in the polymer matrix with no air bubbles inside.
Room temperature measurements of e were carried out using a vector network analyzer (Agilent, model H8753ES) in the frequency range 0.3-6 GHz. We apply the short-openload-though (SOLT) calibration to the measurement since this method permits error correction over a wide frequency band. The experimental technique is based on the measurement of the transmission and reflection coefficients (S parameters) of an asymmetric microstrip transmission line containing the sample. A software is employed to convert the S parameters into the complex permittivity of the material. The relevant technical details are given in Ref. 16 . Magnetic field measurements of e were performed by placing the line between the poles of an electromagnet. The magnetic field, parallel to the wire axis, is swept from 0 to 61 kOe. The electromagnetic measurement was carried out with a wave vector of the electromagnetic field perpendicular to the wires. As outlined in Ref. 16 , the quasi-TEM transverse electromagnetic mode which is the only mode that propagates in the structure makes analysis of the complex transmission and reflection coefficients created by the discontinuity between the line and the sample relatively uncomplicated. Using the Nicolson-Ross procedure for the transformation of the load impedance by a transmission line, 16 e (and the magnetic permeability) are determined by the transmission S 21 and reflexion S 11 parameters. It is worth stressing that all sample thicknesses and internal characteristic lengths of the heterogeneities are much smaller than the wavelength of the electromagnetic wave probing the material samples. This suggests that, within the quasi-static approach, the dominant loss mechanism comes from the absorption, rather than from the scattering of inhomogeneities. An error analysis indicates systematic uncertainties in e 0 (<5%) and e 00 (<1%) for the data. To obtain accurate measurements of e, it is particularly important to account for the residual air-gap between the sample and the line walls. 16 Figure 2 compares the zero-field transmission, reflection, and permittivity spectra for three microwire weight fractions. The observed difference in the frequency dependence of these quantities is not surprising. Two features can be noticed. First, a large increase of e 0 and e 00 is observed with increasing contents of microwire; the most prominent feature in Fig. 2(c) is the peak in the e 00 spectra which is related to a dipolar resonance phenomenon. While the peak positions do not significantly shift with wire concentration, the peak size and width increase strongly with wire content. The dipole resonance can be expressed as f res ¼ c=2' ffiffiffiffiffi e m p , 16 where c is the electromagnetic wave velocity in vacuum, ' is the wire length, and e m is the permittivity of the host matrix. When ' is chosen at 25 mm, e m ¼ 3.6, the resonance frequency is 3.2 GHz which is close to the peak positions observed in Fig. 2(c) . The difference in peak height and width between the three wire weight fractions is likely related to the microwire content. Second, a minimum of transmission is observed close to the resonance position.
In Fig. 3 , the field dependence of the electromagnetic parameters for the sample containing 0.013 vol. % of microwires is plotted as function of frequency at low magnetic field (up to 300 Oe). First, we note the contrasting behavior of the transmission and reflection coefficients as the magnetic field is increased, as seen in Figs. 3(a) and 3(c), respectively. Further, the reflection maximum or transmission minimum corresponding to the resonance frequency is red shifted with increasing the magnetic field. For a quantitative analysis, we fitted the H-dependent of the resonance position with a linear function and plotted it in Fig. 3(c) . We exhibit in Fig. 4 the corresponding spectra at higher fields (between 300 Oe and 1 kOe). In all cases, we observe opposing fielddependent behavior of the electromagnetic parameters. That is, the reflection spectra increase in magnitude whereas the corresponding transmission spectra decrease. We note that this contrasting behavior has not been predicted previously. For other composite samples containing different microwire concentrations, the field crossover at 300 Oe was also evidenced (Fig. 5) . Interestingly, we observe that the magnitude of the transmission and reflection spectra at 300 Oe of the composite samples is quite similar for the different microwire concentrations investigated. Together, these observations support the conclusion that the linear variation of the resonance position shift against the magnetic field is an intrinsic property of the microwires in the samples.
One can think of this crossover at 300 Oe as arising from a competition between the two resonant phenomena characterizing this system. As was seen earlier, the first resonance is the dipole resonance (3.2 GHz). The second resonance phenomenon is associated with the ferromagnetic resonance ($2.3 GHz) which is in close proximity to the dipole one. 6, 17 It is worth noting that when FMR occurs at sufficient high magnetic field, the skin depth is minimum leading to maximum dielectric losses. 14 As is now well established, the Co-based amorphous wires possess remarkable GMI properties. In the GHz range of frequencies, the GMI effect dominates the features of dipolar absorption at low magnetic field bias. 5 As the magnetic field is increased, the impedance increases. Hence, the permittivity together with the reflection and absorption are decreased. 18 Consequently, the transmission is increased as seen in Figs. 3(b) , 5(a), and 5(c). This is also consistent with what was observed previously 10 in free-space characterization of short-cut microwire composites. Now if the magnitude of the magnetic field is larger than 300 Oe, we hypothesize that the electromagnetic characteristics are dominated by the FMR. As the magnetic field is increased, losses are enhanced. This is reminiscent to the eddy current in the microwires at FMR. 6 Although the penetration depth at 2.4 GHz falls between 1 and 2 lm, 18 microwave can still penetrate the outer layer of the wire and result in eddy current loss. 4 Several reasons may contribute to the actual value of the crossover field at 300 Oe. For instance, we notice that the GMI effect requires relatively small magnetic field magnitudes, while the FMR is driven by a stronger field. 6 This is consistent with the experimental results and the insensitivity of the crossover field against microwire content.
We now briefly turn to the magnetic field tunability of the effective permittivity of the samples. In Fig. 6 , the quantities shown are the ratios ½e 0 ðHÞ À e 0 ðH ¼ 0Þ=e 0 ðH ¼ 0Þ and ½e 00 ðHÞ À e 00 ðH ¼ 0Þ=e 00 ðH ¼ 0Þ, where different curves denote the different frequencies. Fig. 5 shows a detailed comparison of these quantities for the three microwire contents. Overall, one can clearly see a peak feature at 300 Oe Fig. 3 for the dc magnetic field in the range 300-1000 Oe. and the magnitude of this peak observed in these data can be as high as 150% for 2.4 GHz, i.e., close to the FMR. Surprisingly, however, both Figs. 6(c) and 6(d) show that the larger effect is observed for the sample containing 0.2 wt. % of microwires. We present a simple explanation for this behavior. One expects that a large amount of microwire will improve the field-induced polarization properties of the sample. Hence, the reflection and transmission coefficients and the value of the effective permittivity increase when the wire concentration increases from 0.013 to 0.026 vol. %. Both magnetic and dielectric losses are enhanced, and consequently the overall absorption is also increased in agreement with previous measurements. 19 However, the reflection losses also increase with microwire content. If these losses are too high, they will prevent efficient tuning of the microwire composites. This observation supports the previous suggestion that low-loaded composites are required for efficient tunability. 5, 11, 17 One might expect that the maximum at 0.026 vol. % should vary according to the microwire's aspect ratio, the intrinsic properties of the phases, and the composite fabrication protocol.
FIG. 4. Same as in
In conclusion, we have performed a thorough investigation of the electromagnetic parameters of glass-covered amorphous microwires/epoxy composites with various concentrations of microwires over a broad magnetic field range up to 1 kOe. The results presented here show that the effective permittivity presents a strong tunability with respect to a dc magnetic field excitation. An inherent crossover field due to the microwires is further observed at 300 Oe. This observation can be understood intuitively by considering that the GMI effect dominates the features of dipolar absorption at low magnetic field bias (<300 Oe) while the opposite behavior is expected at larger dc magnetic field excitations. We also point out that this crossover field is insensitive to changes in the microwire content. The larger magnetic field tunability of the effective permittivity of the samples is found at the microwire content of 0.026 vol. %. These conclusions add strong impetus for designing glasscovered amorphous microwires/epoxy composites for adaptive materials for reconfigurable electronic devices 20 and sensing applications, for which manipulation of the dielectric properties via a magnetic field excitation can be accomplished. Chemical functionalization is also an important route to manipulate the properties of microwire/polymer composites. Efforts in this direction are under way. F.X.Q. acknowledges the financial support provided by Conseil G en eral du Finistère, France, and the current financial support from EPSRC Institutional Sponsorship, EPSRC, UK.
